Objectives-This study focuses on the relevance of size, eloquence, type of venous drainage, the Spetzler-Martin scale as a whole, and other factors, such as rupture of cerebral arteriovenous malformations (AVMs) for the prediction of neurological deficits in the context of microsurgical AVM removal. Methods-One hundred and fifty patients with AVMs, whose data were retrieved from a prospectively employed computerised data bank were included. Seventeen patients (11.3%) underwent preoperative embolisation. According to the SpetzlerMartin scale they were graded as follows: 22.0% grade I, 32.0% grade II, 29.3% grade III, 14.0% grade IV, and 2.7% grade V. Intracerebral haemorrhage was present in 39.0%. The AVMs were <3 cm in 52.0%, 3-6 cm in 43.3% and >6 cm in 4.7%; 59.3% of the AVMs were eloquently located and 29.3% had deep venous drainage (DVD). Follow up information was assessed 6 months after surgery in all but one patient, who died. The applied statistical test was 2 . Results-Surgical morbidity was 15.3%. Early new deficits were noted in 39.3%, permanent new deficits in 10.6%, being significant (major) in 7.3%. The ocurrence of permanent deficits correlated significantly with size, deep venous drainage, and the Spetzler-Martin scale. There was statistical evidence for a trend in risk of poor surgical outcome across the three categories non-eloquent, "less eloquent" (for example, visual cortex) and "highly eloquent" (brainstem, basal ganglia, or precentral cortex) with the last being associated with the highest risk for permanent neurological compromise. Conclusion "Eloquence" of the SpetzlerMartin scale should be divided into "highly eloquent" and "less eloquent", which is important for risk analysis of the treatment of asymptomatic and deep seated AVMs and for future trials comparing various treatment modalities. In addition, resection of eloquent AVMs v noneloquent ones is significantly associated with higher surgical morbidity. (J Neurol Neurosurg Psychiatry 1998;65:547-554) 
As for the grading of intracranial arteriovenous malformations (AVMs) the scale according to Spetzler and Martin has found widespread acceptance among the neurosurgical community. 1 Their grading system is based on AVM size (<3 v 3-6 v >6 cm), eloquence of localisation (yes v no) and type of venous drainage (superficial v deep) and studies exist on the usefulness of this or of other scales in terms of operative risk, long term outcome, and other variables. [1] [2] [3] [4] [5] [6] In a previous study from Erlangen, several grading systems were compared, but the number of patients was still small (n=48) and they were operated on by various surgeons 6 ; nevertheless the value of the Spetzler-Martin scale was confirmed. In 1996 the team at the Barrow Neurological Institute published their statistically calculated results with prospective application of the SpetzlerMartin scale and came to the conclusion that this scale is indeed suYcient for determination of the surgical risk and the associated ocurrence of new neurological deficits as well as long term outcome. 2 Their study, however, did not include other factors of interest, such as the preoperative psychosocial status of the patient, presence versus absence of symptomatic intracerebral haemorrhage, and treatment associated surgical morbidity. Therefore we have analysed our prospectively computerised AVM data bank of the personal surgical series of the senior author with respect to these factors. The intention was to assist future decision processes on the operability of cerebral AVMs, especially eloquently located ones, and to shed light on the presently available technical standards.
Patients and methods

PATIENT CHARACTERISTICS
A computerised data bank system consisting of 128 items, implemented in 1985, provided the information on patients' age, sex, size, neurological status, and follow up, including Karnofsky scores, as well as the AVMs' location, grading, and anatomical and radiological features (table 1). 7 One hundred and fifty patients-75 females and 75 males-who were operated on for intracerebral AVMs in a 13 year period between January 1983 and December 1995 by the senior author (JS) were included in the study. Age ranged from 6 to 72 (mean 34.5) years. One patient, a 43 year old woman, had two AVMs-a centrally located one and an occipital one-and was thus included twice as two separate patients.
In addition we split from the group of 89 with eloquently located AVMs, a subgroup consisting of 15 patients with highly eloquent AVMs. This subgroup included only pure precentral AVMs in nine patients and AVMs located in the basal ganglia in four and the brainstem in two patients.
In 17 of the patients endovascular embolisation was attempted previously. In none of them did this lead to permanent AVM occlusion. Thus the angioarchitectural data refer to the final preoperative angiographical status as encountered in our department. Due to restructure of the department we have recently adopted a more deliberate interventional neuroradiological approach.
In one patient with a left temporal AVM, proton beam therapy had been attempted previously. This had not changed the angiographical appearance of the AVM and thus he underwent surgical removal of the lesion. Twelve patients had additional cerebral aneurysms, partly related to AVM feeding arteries, partly in other arterial distributions. These aneurysms were either treated at the time of AVM removal if conveniently approachable, or in a separate surgical intervention.
One patient had an associated venous angioma and had a complicated postoperative course and was published as a case report in 1995. 8 Some of the patients with small AVMs have been the subject of a previous report focusing on the various treatment modalities.
9 Table 1 presents detailed data on the patients. SURGICAL MANAGEMENT AND OUTCOME
MEASURES
As it is our surgical policy to perform AVM surgery on an elective basis, we have waited for clinical improvement in those severely impaired patients who were admitted to our intensive care unit with intracranial haemorrhage. Standard microsurgical techniques were applied for AVM dissection and removal under general anaesthesia. If considered necessary, urapidil was given intravenously to induce arterial hypotension. Neurophysiological monitoring or motor strip localisation by phase reversal and total intravenous anaesthesia was performed if considered helpful on certain occasions as in centrally located AVMs. Postoperatively the patients were extubated as soon as possible, followed by intensive care monitoring, and usually they were transferred to the general ward the next day.
Neurological examinations were performed on a daily basis during the patient's hospital stay with particular attention given to worsening of already pre-existing neurological deficits and development of new postoperative deficits. In all but one patient, who died on postoperative day 8, follow up information was obtained after 3 and after 6 months-either by direct The influence on early new postoperative deficits, permanent neurological deficits, and surgical morbidity was calculated. The variables taken into account were size of the AVM, eloquence, type of venous drainage, intracerebral haemorrhage, the Spetzler-Martin scale, and the Karnofsky score, which were all made available by a computerised database established at our institution.
As all outcome variables are dichotomous we have used the 2 test as an appropriate test for all predictors. Statistical tests were performed by a qualified basic scientist (DH).
Results
GENERAL
One patient with a deep cerebellar AVM 4 cm in diameter died on postoperative day 8, thus accounting for a mortality rate of 0.7% in the whole series. On uneventful extubation and awakening she deteriorated during the night after surgery, angiography disclosed no residual AVM, and on cranial CT there was neither evidence of rebleeding nor of excessive swelling. Local microsurgical revision and inspection did not disclose any obvious reason for her clinical deterioration and consecutive herniation.
Another patient with a dorsal thalamic AVM had early rebleeding from an obviously incompletely removed AVM nidus. He made a poor recovery after reoperation with persisting aphasia and severe spastic hemiparesis. Thus the overall AVM exclusion rate as controlled with angiography was 99.3% including a patient who underwent planned staged resection of a very large right frontal AVM.
Surgical morbidity accounted for 15.3% (23 cases) and included subgaleal CSF collection (three cases), meningitic hydrocephalus (two cases), haematotympanon (two cases), osteomyelitis of the bone flap (two cases), hydrocephalus (two cases), subdural hygroma (two cases), pulmonary embolism (one case), urinary tract infection (one case), meningitis (one case), acute respiratory distress syndrome (one case), gastric ulcer bleeding (one case), pneumonia (one case), wound infection (one case), brain retraction related oedema (one case), venous bleeding (one case), and mandibular joint dysfunction (one case).
Fifty nine patients (39.9%) developed early new neurological deficits or worsening of pre-existing neurological deficits during their hospital stay. On late follow up, 6 months postoperatively, 21 patients (14.0%) had neurological deficits-either new ones or worsened pre-existing ones. Of these, 10 patients (6.7%) had minor deficits according to our classification, and 11 patients (7.3%) had major deficits. Five out of these 21 patients had improved compared with their preoperative neurological status, thus leading to a total of 16 (10.7%) surgically induced permanent neurological deficits. Therefore, 134 patients were symptom free or had at least reached their best preoperative status.
According to the Karnofsky score of the remaining 149 patients at follow up (table 1) , 114 (76.0%) were functioning independently or with only minimal assistance from their environment (scores 80-100), whereas 11 (7.3%) still had severe impairment of consciousness and severly impaired neurological status (scores 10--50).
EARLY POSTOPERATIVE DEFICITS
Patients without preoperative intracranial haemorrhage were more likely to develop new neurological deficits than those with preoperative intracranial haemorrhage (table 2). The size of the AVM was also significantly associated with development of early neurological worsening. Eloquence of AVM localisation and deep venous drainage were also significantly correlated with early postoperative worsening. "Highly eloquent" AVMs were related to early postoperative worsening at a rate of 73.3% compared with 50.1% of "less eloquent AVMs". This diVerence is also significant. Increasing grade on the SpetzlerMartin scale also correlated with early postoperative worsening. Only five (15.2%) patients with Spetzler-Martin scale grade I showed postoperative worsening compared with 13 (61.9%) of the grade IV patients. The preoperative Karnofsky score (grouped into 10-70 and 80-100) showed no significant correlation with the percentage of early postoperative worsening. Significance for the development of permanent neurological deficits was also reached with subdivision of eloquence into "less eloquent" and"highly eloquent" lesions. Thus with establishment of the subgroup of 15 patients with highly eloquent lesions, of which three (20.0%) had permanent minor and another three (20.0%) had permanent major deficits, 74 patients with "less eloquent AVMs remained. Of these seven (9.5%) had permanent minor and six (8.1%) had major deficits.
The presence of deep venous drainage with regard to permanent neurological impairment reached significance when compared with superficial drainage.
The Spetzler-Martin scale as a whole correlated well with the occurrence of new permanently lasting deficits (table 3) .
The preoperative Karnofsky score was not relevant for the development of permanently lasting postoperative deficits.
It is important to note that of these 21 patients with permanent minor and major deficits 16 had deteriorated with surgery and five had improved from a preoperatively bad status to a "better" one-yet with permanent deficits. Thus surgically induced permanent deficits (major plus minor) accounted for 10.6% of the whole study population, being significant or major in 7.3%.
SURGICAL MORBIDITY
The correlation between absence of preoperative intracranial haemorrhage and occurrence of surgical morbidity reached significance (table 4) . Size was not correlated with the occurrence of surgical morbidity, whereas eloquence of the AVM location was. Neither the type of venous drainage nor the preoperative Karnofsky score showed statistically relevant correlation with surgical morbidity. The Spetzler-Martin scale itself did not reach significance when correlated with surgical morbidity.
KARNOFSKY SCORE ON LATE FOLLOW UP
Only the preoperative Karnofsky score showed a significant correlation with the Karnofsky score 6 months after surgery. When grouped into moderate and poor preoperative Karnofsky scores (10-70) and good scores (80-100) as related to long term neurological outcome no correlation was found.
Neither size, nor eloquence, type of venous drainage, or presence or absence of intracranial haemorrhage showed correlations.
Discussion
GRADING AND OUTCOME
The treatment of intracerebral AVMs still poses a formidable challenge to the neurosurgeon. Part of the strategy comprises evaluation of the operative risk compared with the expected outcome from surgical removal of the AVM, and decision analysis, which has to include alternative or combined treatment such as radiosurgery or embolisation therapy. Therefore, several factors have to be included in the pretreatment analysis, part of which are the clinical presentation and the status of the patient, age, expected natural course of the AVM and others. To make things easier, various grading systems, including a tool for decision analysis, have been developed, one of which-the Spetzler-Martin scale-has gained by far the highest degree of acceptance. 1 3-6 10 This is mainly based on the simplicity of this scale, which refers to AVM size, eloquence, and type of venous drainage with a maximum of five points-and with six points indicating an unoperable AVM.
We were interested in the predictive value of the Spetzler-Martin scale as a whole, its individual factors, and in other potential factors contributing to late outcome after AVM surgery. Our case material was strictly prospectively collected and stored on a database system. As all patients were operated on by the same surgeon, this should provide a functioning tool for future analysis of the individual surgical risk.
Our results prove the reliability of the Spetzler-Martin scale as a whole for the assessment of the operative risk and the chance of persisting neurological deterioration after surgery. This is in concordance with the findings of a previous study of 120 patients, who were all operated on by Spetzler himself and reached significance. 2 Their study group was comparable with ours with more than 50% of the AVM located in eloquent brain regions and diVerent in that 63% of their series were rated grade I-III and 37% grade IV and V on the SpetzlerMartin scale, whereas 83% of our patients were grade I-III and only 17% grade IV and V.
An important finding is that in our series the rate of early postoperative neurological deterioration (39.3%)-that is, during the first postoperative week-seems high compared with other studies. This may in part be due to the fact that our study design was indeed purely prospective and that even minor changes such as a slight motor drift or a small visual field deficit were assessed and rated as a deficit. Most of these deficits improved until follow up 6 months after surgery. This phenomenon of a high rate of early deficits compared with the rate of persisting deficits has also been described by other authors. 2 11 12 In Hamilton's and Spetzler's series of 120 patients early new neurological deficits accounted for 15% (18 patients), but when splitting their population into grade I-III patients and grade IV/V patients, the rate of new deficits accounts for 2.6% in the first and for 36.4% in the second group. Neurological improvement from early to late follow up was noted in another eight (18.2%) of their 44 grade IV/V patients. Their early deficits refer to assessment of neurological functioning six weeks postoperatively, however, and not to the first few days after surgery as in our study. Yasargil, in his personal series of 414 patients with AVMs of all sizes encountered 87 cases of neurological worsening compared with the preoperative status-patients with and without preoperative deficits together-thereby accounting for a rate of 21%. 12 For patients without preoperative deficits this rate increased to 40.5%. Because occurrence of early neurological deterioration was significantly correlated with all investigated variables in our study-absence of intracranial haemorrhage, the Spetzler-Martin scale, size, eloquence, and drainage of the AVM-except for the preoperative Karnofsky score, no assumptions of essential practical value for presurgical risk analysis can be drawn from this fact.
The proportion of permanent deficits among our patient population-minor and major ones together-of 14% seems high compared with other large surgical series such as those of Hamilton and Spetzler or Yasargi. 2 12 However, treatment induced permanent deficits accounted for 10.7% only, as five out of the 21 patients had improved with surgery despite having permanent deficits. Yasargil reported 21 cases (5.1%) of permanent deficits among his total series of 414 patients. 12 However, it is not easy to compare these numbers exactly, as he had divided his measures of operative outcome into good (81.9%), moderate (12.8%), poor (2.9%), and dead (2.4%). Therefore, it is not clear how all 21 patients with postoperative neurological worsening were distributed among the groups with moderate and poor results and in how many this was due to surgery. In the series of Jomin et al an operative mortality of 12.5% was reported. 13 Early postoperative worsening occurred in another 30% decreasing to 17% on late follow up. Their high mortality is explained by the fact that they have operated on comatose patients in 40% of cases. Their mortality in conscious patients accounted for 2% only. Shi et al in their study on the usefulness of their own grading scheme applied to a series of 100 patients reported 13% operative long term deficits (that is at least 3 months after surgery) and 1% operative mortality. 5 The rate of deficits correlated with the grade of the AVMs according to their scale.
SIZE
That size is of importance for assessment of the surgical risk has been confirmed by various authors. 12 14 Pasqualin et al evaluated the AVM volume in their series and found an increasing volume (and eloquence of location) to be significantly associated with the ocurrence of neurological deficits. 4 This was corroborated by the series of Morgan et al of 112 patients, in which only size -but neither age, sex, or neurological grade at the time of surgeryreached a significant predictive value for the operative risk. 15 In his study size was reduced to a two category predictor with AVMs<4 cm and AVMs>4 cm. In our study we have split the AVMs into three categories, <3 cm, 3-6 cm, and > 6 cm, as this is now common practice. Thereby, size reached significance in the 2 test. The fairly optimistic view of Malik, who reported only two slight visual field deficits and "some diYculties in calculations" in another series of eight patients with very large AVMs (> 5 cm) has to be interpreted with caution, because altogether this gives a morbidity rate of 3/8 in that series. 16 In the series of Batjer et al, of 62 patients, size did not reach significance as a predictor for worse outcome. 17 This is of particular interest, as AVMs>6 cm represented 27% of their whole study population. But a trend toward better outcomes was apparent in their study with 95% of patients with AVMs<3 cm having good outcomes versus 65% of patients with AVMs>6 cm.
LESS OR HIGHLY ELOQUENT VERSUS NON-ELOQUENT
In the series of Pasqualin et al comprising 248 patients, eloquence of AVM location did not reach significance for minor permanent deficits, but it did so for transient deficits, new major permanent deficits, and death in AVMs with a volume of less than 20 cm 3 . 4 Their results with 33.1% transient new deficits remaining permanent (6.9% minor and 2.8% major) with a mortality of 2.8% are comparable with ours.
In our study eloquence of AVM reached significance. There was statistical evidence for a trend in risk of poor surgical outcome across the three categories non-eloquent, "less eloquent" (postcentral, dominant temporal, occipital, corpus callosum), and "highly eloquent" (precentral, basal ganglia, and brainstem) with the last being associated with the highest risk for permanent neurological compromise.
This is the only index of the Spetzler-Martin scale that-in our opinion-deserves reconsideration, as the others (size and deep venous drainage) reached significance as potential predictors for neurological outcome. With increasing numbers of neurosurgeons treating AVMs of the basal ganglia, either microsurgically, radiosurgically, or as part of a combined regimen consisting of combinations of microsurgery, stereotactic irradiation, and superselective embolisation this has to be considered an important finding for decision analysis. In our 15 patients with highly eloquent AVMs the rate of early new deficits was 73.3% and that of permanent deficits 40.4%, whereas in the less eloquent AVMs the rate of permanent deficits accounted for 17.6% only. This is comparable with other series of surgically removed AVMs of the basal ganglia or the brainstem with permanent deficits being reported in up to 50%. 12 18-21 All 22 patients in the study of Solomon and Stein returned to their premorbid state, but six had visual field deficits, three hemiparesis, two hemisensory loss, and one a Parinaud's syndrome, with only 18 AVMs being completely extirpated. 22 Of the nine patients in their other series on surgical treatment of AVMs of the brainstem, who had all presented with haemorrhage, seven had returned to their premorbid status on late follow up. 23 Kashiwagi et al suggested the surgical treatment of brainstem AVMs in cases of progressive character-that is, recurrent bleeding and progressive neurological worsening. 19 Only the results of Yamada et al with their haemodynamically oriented resection of AVMs in functional areas (0% mortality, only one patient out of 56 not returning to at least premorbid state) and those of Tew et al (13% permanent deficits, 2% mortality, 9% rebleeding) are to be considered comparable with the results of surgery for less eloquent AVMs. 24 25 One problem, however, in the interpretation of these results, is the diYculty in diVerentiating between persisting deficits and true new ones. This can be shown with the series of Hubschmann and Krieger, comprising 17 patients with AVMs located in "vital areas of the brain" including eight of the motor area and one of the internal capsule. 26 They had encountered no new neurological deficits with surgery in their series. However, 16 of their patients had had intracranial or subarachnoid haemorrhage and five of these patients presented comatose or with plegia of one or two limbs. This may in part explain the excellent surgical results obtainable in patients with AVMs in vital brain areas, who are operated on in an already severely compromised neurological status. It is necessary to be aware of this potential bias when interpreting such studies.
DEEP VENOUS DRAINAGE
Deep venous drainage was related to permanent deficits in 29.5% versus 7.5% of AVMs with superficial venous drainage. This is in concordance with other studies. 4 Pasqualin et al found the extent of the venous drainage system of greater importance for the development of postoperative haemodynamic complications than the presence of deep venous drainage. It is well known that eloquent AVM location close to the midline such as in basal ganglia AVMs is related to deep venous drainage. 22 Therefore we think that these two factors are to be interpreted as functioning interdependently. Batjer et al found no diVerence in the rate of hyperaemic complications and poor late outcomes in patients with deep venous drainage compared with those with superficial drainage or both. 17 That the venous side deserves special attention for pretreatment risk analysis was described by Miyasaka et al who found one draining vein, impaired venous drainage, and deep venous drainage being significantly associated with the AVMs' risk for haemorrhage. 27 28 SURGICAL MORBIDITY There was a significant correlation between the eloquence of the AVM localisation and surgical morbidity-20.2% in patients with eloquent AVMs versus 8.2% in non-eloquent AVMs. This shows that in addition to the inherent risk of removal of an eloquently located AVM, these patients are at a higher risk of developing postoperative complications such as infection, hydrocephalus, deep vein or thrombosis. This may be due to the higher rate of neurological worsening encountered in this group, which most likely leads to delayed postoperative mobilisation and prolonged stay on intensive and intermediate care wards. This has not been explicitely reported by other groups and deserves attention during the phase of operative planning, and for the comparison with radiosurgical and embolisation series.
NEUROSURGICAL DILEMMA
The results presented and the statistical relevance of the subdivision of highly eloquent AVMs still leads to a true "surgical dilemma", which was already considered in part by Heros and Tu more than 10 years ago: "How to treat patients with unruptured AVMs?". 29 At that time, however, the discussion was concerned whether there was an indication for surgical treatment of unruptured AVMs at all, as only few centres were involved in surgical treatment of cerebral AVMs and there were only a few larger series available from the literature. 13 29-31 The studies on the course of cerebral AVMs, most of which were published at that time and later have turned attention to a more aggressive treatment of these lesions, which is reflected by the literature of the past decade with eVorts of specialists of various fields-neurosurgeons, neuroradiologists, and stereotactic radiotherapists-involved in the care of these patients. 17 30 32-40 The discussion of AVM treatment has now changed emphasis-regarding the question as "how to treat patients with unruptured highly eloquent AVMs". We advocate the microsurgical removal of small and medium sized AVMs in all areas, including the highly eloquent ones, as long as the patients have intracranial haemorrhage with consecutive neurological deficits, or if the small and medium sized lesions are located in uneloquent or less eloquent regions. Asymptomatic patients with small AVMs located in the premotor cortex, the basal ganglia, and the brainstem are referred to radiosurgical centres after having been informed about the inherent risks of radiosurgery, which cannot be considered a minimally invasive method, as side eVects possibly occur years after radiation treatment and there is a prolonged risk of bleeding. 8 39-46 Asymptomatic patients with medium sized AVMs in highly eloquent areas should possibly to be treated with a combined regimen of embolisation, microsurgery, and radiosurgery such as promoted by Lawton et al, 47 but despite their low morbidity rate of 11% it is necessary to be aware of the fact that only 72% of the AVMs were completely removed or obliterated and that nine of the lesions were<3 cm, nine from 3-6 cm and 14>6 cm. That means that 28% of patients remained at risk for bleeding or rebleeding. In addition, this regimen requires a functioning true centre of excellence with all these subspecialised groups working together-logistically, seriously convinced, and honestly. In our series 11.3% of patients underwent embolisation for presurgical reduction of AVM size.
Patients with AVMs>6 cm and/or with grades IV and V nearly always have eloquent regions involved, and the decision to operate or not has to be made on an individual basis, as the risk of postoperative worsening is high, if these patients have not already bled from AVM rupture, and as complete elimination of the AVM only meets the treatment goal with protection from future haemorrhage. The recently proposed risk table of Kondziolka et al, which is based on previous studies regarding the natural course of untreated AVMs, is of great value for assessment of the lifetime risk of haemorrhage if used as a decision tool in these patients. 48 But the prognosis for these patients has not improved substantially-neither regarding surgical outcome nor with respect to the presently available combined treatment regimens. His chief scientific works, which appeared in the 1860s, were devoted to the examination of respiration, and to the discovery of the inhibitory centres of the spinal reflexes in the medulla and cord. During experiments conducted on a frog in 1862, Sechenov noted that the reflex of the spinal cord (bending of the legs when a frog is immersed in a weak acid solution) was depressed on chemical or electrical stimulation of the thalamic region. The thalamic reflex inhibition centre was named Sechenov's centre (Setchenow's centre) and the phenomenon of central inhibition was named Sechenov's inhibition. His book Reflexes of the Brain (1863) achieved outstanding success. In this book he explained in physiological terms the psychological activities of humans and explained the entire behaviour of the human as being a complicated reflex act. His outline of conditioned reflexes later was expanded by his successor I 
